The purpose of the present study was to investigate the relationship between mastication and head posture using foods with different degrees of hardness. A total of 12 healthy, dentulous volunteers participated in the study. Each participant was required to chew two types of gummy candy with two levels of hardness while sitting upright. Measurements were conducted using an optoelectric jaw-tracking system with 6 degrees of freedom (Gnatho-Hexagraph II JM-2000 ® ). The horizontal plane perpendicular to the direction of gravitational force served as the reference plane. Analysis of the gradient of the Frankfurt plane (head posture) and pitching of the head during masticatory movement was conducted. The influence of the type of test food on these parameters was evaluated during mastication. During stable mastication, the gradient of the Frankfurt plane was 4.66 degrees on average, close to the horizontal plane. The time course of the Frankfurt plane gradient revealed a tendency toward dorsal flexion during the first to middle phases of mastication, and a tendency toward ventral flexion during the middle to last phases, regardless of the hardness of the test food. The participants were divided into two groups based on change in head posture during chewing. The results showed while there was no change in head posture in the group with marked pitching of the head, head posture did change in the group with little pitching.
Introduction
Head posture is associated with the physiological harmonization of stomatognathic system. Change in head posture affected swallowing 20) , the path of mandibular movement 3, 5) , and activity of head-neck muscles 2, 19) . Head posture is also associated with temporomandibular disorders 13) . Masticatory movement has been reported to be accompanied by head movement (pitching of the head) 1, [8] [9] [10] 12) . According to one study, This paper was a thesis submitted by Dr. Shinya to the Graduate School of Tokyo Dental College.
head movement was synchronized with mandibular movement, showing dorsal flexion when the mouth was opened and ventral flexion when closed 8) . Head movement during mastication is seen in 98% of all healthy individuals 10) , assuming a two-phase movement consisting of mouth-opening and mouthclosing (including ceasing) 12) . During mastication, the amount of head movement correlates with that of mandibular movement 1, 9) . Head movement is affected by the hardness of the food chewed 9) . The first phase of masticatory movement involves crushing the food, while the last phase is synchronized with swallowing 4, 17) . This suggests that head pitching will occur during this process.
Although several studies have investigated the dynamics of head posture during masticatory movement [14] [15] [16] , the clinical implications of this phenomenon remain to be clarified. Moreover, to our knowledge, no studies to date have investigated the relationship between food hardness and head posture using a jawtracking system. The purpose of the present study was to elucidate the role of head posture (pitching) during mastication and its effect on the stomatognathic system using foods with different degrees of hardness.
Methods

Participants
Twelve, healthy, dentulous volunteers with no stomatognathic abnormalities (10 men and 2 women with a mean age of 23.8 years) took part in the study. One of the inclusion criteria was a normal frontal standing posture during occlusion with eyes open 6) . The other inclusion criteria were normal occlusion and no missing teeth in the area distal to the second molar (no restorative material or only partial restoration was allowed in this area).
Approval for the study was obtained from the Ethics Committee of Tokyo Dental College (Approval no.210).
Recording of head posture and pitching of head
Head posture and pitching of the head were recorded while each participant remained sitting in an upright posture on a chair (seat height: 45 cm) with no backrest next to a 70 cm high desk top. No particular restriction was imposed during recording other than that each participant was instructed to look straight forward as usual while eating the test foods.
Two kinds of gummy candy with two levels of hardness: soft (S: soft gummy candy with a hardness of 70.83±7.75 N; or H: hard gummy candy with a hardness of 400.47±59.45 N) were served as test foods. Each gummy candy weighed 3.5 g and was 20×15×10 mm in size. The texture of a food can affect its hardness 18) . Therefore, the hardness of each material was confirmed with a universal testing machine (Autograph AG-120KN, SHIMADZU, Kyoto, Japan). Five specimens of each type of gummy candy were measured at a cross head speed of 50 mm/min. The plunger comprised a 22 mm cylinder which was used to compress the gum to one third of its original height.
No particular limitation was imposed on masticatory movement, and each participant was allowed to chew the test food freely. Measurement was conducted while the participants remained sitting upright. A total of 4 gummy candies were assigned to each participant (two types of candy at two levels of hardness).
An optoelectric jaw-tracking system with 6 degrees of freedom (Gnatho-Hexagraph II JM-2000 ® , GC, Tokyo, Japan) was used to measure movement. A facebow for the mandible was used in this study as a horizontal reference plane relative to gravitational force. The facebow was horizontally attached to the desk using a level guide (ED-35DGLN ® , Ebisu Diamond, Niigata, Japan). Head posture and pitching of the head were measured with a head frame which was attached to the maxilla. The data obtained were analyzed using a head movement analysis program (head movement analysis program for Gnatho-Hexagraph, Most, Tokyo, Japan).
Setting reference plane and plane for measurement
The horizontal plane perpendicular to the direction of gravitational force served as the reference plane. The sagittal aspect of the horizontal Frankfurt plane (FH plane) was selected as the plane for measurement. The degree between this plane and the reference plane was measured. When the head showed dorsal flexion from the reference plane, the degree of the FH plane indicated a plus; when the head showed ventral flexion from the reference plane, the degree of the FH plane indicated a minus.
Analysis of head posture and pitching of head
The masticatory period was defined as the time between capture of the gummy candy to swallowing. Head posture and pitching of the head were measured in 4 sessions, one for each type of specimen. Each session was divided into 3 equal portions: the first (F), middle (M), and last (L) phases. The participants were instructed to chew 5 times (forming one chewing cycle) during each phase. Only those data where extraneous movement had been kept to the minimum were used for the final analysis of head posture and pitching of the head during each phase.
Head posture was analyzed based on the distribution and time course change in the gradient of the FH plane (head posture) as measured during each chewing cycle with each type of test food.
Pitching of the head was analyzed based on the amount of change in the FH plane gradient during one chewing cycle. In chewing one gummy candy, pitching of the head was recorded 5 times in each phase. Data on pitching of the head in each participant were collected during chewing of each type of candy. Pitching of the head was analyzed based on the amount of change in the FH plane during mastication of each type of test food, dividing the participants into two groups based on whether any change in head posture had occurred during chewing of each test food. The number of participants in each group was 6.
Statistical analysis
A one-way analysis of variance and Scheffé's multiple comparison were used to analyze the pattern of change in the FH plane gradient and pitching of the head during mastication of each type of test food and to compare head posture between the two groups (change in head posture and no change in head posture with each type of test food).
Results
FH plane gradient in individual participants
chewing each type of test food Figure 1 shows the gradient of the FH plane in each participant while chewing S or H. The FH plane gradient during stable masticatory movement in each participant ranged from 18.27 to 14.17 degrees, with a mean of 4.66.
The 12 participants were divided into two groups as follows based on change in the FH plane during chewing: Group A (quartile range differing between two types of food) or Group B (quartile range overlapping between two types of food). In Group A, the FH plane tended to incline backwards and the head Horizontal lines shown at lower, middle, and upper ends of box indicate first, median, and third quartiles, respectively. +denotes mean. Outliers are omitted. *: Gummy candy S, **: Gummy candy H tended to show more dorsal flexion with H than with S. The difference in the FH plane gradient between S and H ranged from 1.92 to 6.73 degrees. In Group B, the difference in the FH plane gradient depending on food hardness was small. The difference in the FH plane gradient between S and H ranged from 0.04 to 1.30 degrees. Table 1 shows the pattern of change in the FH plane gradient over time. On the whole, the FH plane tended to show dorsal flexion during the first to middle phases and ventral flexion from the middle to last phases. Figures 2 and 3 show the distribution of pitching of the head during each chewing cycle in each group with each type of test food. Table 2 shows the results of the statistical analysis of pitching of the head during each chewing cycle over time. In Group A, pitching of the head was 0.30±0.16 degrees (mean±SD) during the first phase, 0.27± 0.14 degrees during the middle phase, and 0.23±0.12 degrees during the last phase for S. Thus, pitching of head was the smallest during the last phase in this group. In Group A, pitching of head was 0.42±0.26, 0.33± 0.22, and 0.28±0.15 degrees during the first, middle, and last phases, respectively, with H, indicating that it was largest during the first phase. In Group B, pitching of head was 0.42 ±0.27, 0.30±0.14, and 0.28±0.15 degrees during the first, middle, and last phases, respectively, with S, also indicating that it was largest during the first phase. In Group B, pitching of the head was 0.54±0.31, 0.41± 0.25, and 0.33±0.17 degrees during the first, middle, and last phases, respectively, with H, again indicating that it was largest during the first phase. Table 3 shows a statistical comparison of pitching of the head during each chewing cycle between each type of test food. In both Group A and B, pitching of the head during each phase (first, middle, and last phases) was significantly larger with H than with S. Table 4 shows a statistical comparison of pitching of the head during each chewing cycle between the two groups of participants. Pitching of head during the first and last phases with S and that in the first, middle, and last phases with H chewing were significantly larger in Group B than in Group A. 
Time course of FH plane gradient
Pitching of head during chewing cycles
Discussion
Experimental methods and conditions for measurement
Omiya et al. [14] [15] [16] videoed head movement in individuals eating beef steak. Chirashizushi et al. measured the gradient of the FH plane in individuals eating sushi served in a bowl at 2-second intervals. Omiya et al. analyzed the frequency of each degree of the FH plane during mastication. In the present study, an optoelectric jaw-tracking system was employed to ensure measurements were made as precisely as possible. Gummy candy was adopted as the test food for the following reasons: (1) coordination between mastication and swallowing is observed when food is ingested 17) ; and (2) the amount and size of No particular restriction was imposed during the recordings, and each participant was instructed to look straight ahead as usual while eating alone. This head position was believed to be the one in which the participants would feel most relaxed and in which chewing could be performed under the most stable conditions.
All efforts were made to eliminate large body motions, vibration during food passage, and other extraneous factors as much as possible during mastication. The mastication period itself was divided into 3 equal portions (first, middle, and last phases), and stable chewing cycles extracted from each phase for the analysis.
Results
Stable chewing cycles means periods during which various factors other than mastication itself were eliminated as much as possible. During this period, the FH plane gradient ranged from 18.27 to 14.17 degrees, with a mean of 4.66 degrees (Fig. 1) . The FH plane was close to level during stable chewing. This suggests that it is desirable to keep the FH plane approximately level without immobilizing the head when assessing occlusal status in clinical cases.
An earlier study using two types of gum with different degrees of hardness 11) found that the maximum distance of mouth opening during mastication was proportional to the hardness of the test food. In the same study, the activity of the masseter muscle was also proportional to the hardness of the test food. In another report dealing with changes in the masseter muscle and head posture 19) , increase in masseter muscle activity was shown to be associated with dorsal flexion of the head. In the present study, Group A showed dorsal flexion of the head during mastication of H. In this group, increase in masseter muscle activity appeared to be involved in dorsal flexion of the head. In Group B, on the other hand, difference in hardness of the test food had less of an influence on the FH plane On analysis of the time course of the FH plane gradient, the most frequent pattern of change was dorsal flexion during the first to middle phases and ventral flexion during the middle to last phases ( Table 1 ). The first phase of mastication involves cutting the food down into smaller pieces. During this phase, the degree of mouth opening was large. However, the head tended to show ventral flexion more markedly during the first than during the middle phase. This suggests that when the degree of mouth opening is large, there is a tendency toward ventral flexion to stabilize the head. Ventral flexion of the head appeared again during the last phase of mastication, in which the food was crushed into pieces. The head posture during this last phase probably represents a step in preparation for swallowing. Difference in test food hardness had little influence on change in head posture during mastication.
Pitching of the head was marked during the first phase of mastication, decreasing significantly during the last phase (Table 2) . This change in pitching of the head appears to be associated with a decrease in the distance of mouth opening during mastication 7) . Numasawa et al. 12) reported that head movement (pitching) during mastication ranged from 0.00 to 3.13 degrees. In the present study, maximum pitching of the head was estimated to be 1.35 degrees when taking into account the study design, in which stable chewing cycles comprising 5 chews during each phase were analyzed (Figs. 2 and 3) .
In the analysis of pitching of the head in relation to the type of test food, pitching during each phase was larger with H than with S (Table 3 ). This was in agreement with the results of earlier studies 1, 9) , in which head movement (pitching) was found to increase with increase in the hardness of the food.
Pitching of the head was greater in Group B, in which the influence of the hardness of the test food on the FH plane gradient was less marked than that in Group A (Table 4) . One study found that humans deal with the hardness of food by increasing the maximum mouth opening distance or masseter muscle activity 11) . It appears that this was true of the participants in Group B in the present study and, for this reason the FH plane gradient remained unaffected in this group. On the other hand, amount of head movement (pitching) has been reported to correlate with the hardness of test food 1, 9) . In Group B in the present study, the hardness of the test food did not affect the FH plane gradient, but led to a hardness-dependent increase in pitching of the head.
Taken together, these results suggest that the hardness of food affects the FH plane gradient (head posture) during mastication in some individuals, while it affects pitching of the head in others. We believe that an understanding of the dynamics of head posture and pitching of the head during masticatory movement would be of clinical importance in occlusal analysis, supporting the diagnosis of stomatognathic disorders.
Conclusion
The FH plane during stable chewing cycles was close to level, with the mean gradient at 4.66 degrees.
In the analysis of change in the FH plane gradient over time during mastication, a tendency toward dorsal flexion of the head was observed during the first to middle phases of mastication, while ventral flexion tended to occur during the middle to last phases, regardless of the hardness of the test food.
The participants in this study were divided into two groups based on change in head posture during chewing test foods of different hardness. The results showed while there was no change in head posture in the group with marked pitching of the head, head posture did change in the group with little pitching. 
